Abstract: Based on the relative ratios of di-and tri-nucleotides in the DNA sequences, the profiles of 164 genome sequences from 152 representative microbial organisms were computed. By comparing the profiles of the genomes and their substrings with length 500 bps, the fluctuations of the relative abundances of di-and tri-nucleotides of these genomic sequences were analyzed. A new method to discriminate the origins of orphan DNA sequences was proposed, and the origins of 17 uncultured bacterium sequences from a bacterial community in the human gut were postulated and discussed.
INTRODUCTION
Since the development of shotgun sequencing technology, many bacterial genomic sequences have been sequenced. However, the bacteria represented in GenBank are still only a small number of the bacteria species on earth [1, 3, 18] . The traditional sequencing techniques for bacterial DNA have been restricted by the prerequisite of obtaining pure cultures [15, 25] .
Recently, a new sequencing approach of environmental sampling has been developed [21, 22] . Using whole genome shotgun (WGS) sequencing, Venter et al. [22] sampled water from the Sargasso Sea which is one of the most well characterized ocean regions [22] . This genomic DNA based analysis overcomes limitations of conventional culture based technology and provides a powerful tool for researching structure-function relationships of microbial communities. However, several methodological problems remain unsolved, despite the proven potential of the metagenomic approaches to broaden our knowledge about the composition and function of natural microbial communities. For example, identification of the short fragments' organismal origin remains one of the major challenges in bioinformatics.
Many orphan DNA sequences in GenBank have been cloned and sequenced, but their origins have not been identified. These sequences are unique and have shown no homology in BLAST search or other conventional sequence alignment with any known sequences. Thus it is very difficult to postulate their phylogenetic positions. For example, Wei et al. [24] obtained 17 uncultured bacterium DNA fragments with a length ranging from 500-1000 bases from a sampling of a bacterial community in the human gut. However, only three sequences showed high similarity with some regions of the Bacteroides thetaiotaomicron genome according to a BLAST search, while the origins of the others remained unknown.
*Address correspondence to this author at the College of Science, Zhejiang Sci-Tech University, Hangzhou 310018, P.R. China; Tel: +86 571 86843192; E-mail: pinganhe@yahoo.com.cn and pinganhe@zstu.edu.cn Recently, many alignment-free methods have been proposed for the comparison of biological sequences [2, 7-14, 17, 19, 20, 23] . Karlin et al. [9, 8, 12] selected the relative abundances of oligonucleotides as a genomic signature to analyze compositional biases in the whole genome. Sandberg et al. [17] investigated the possibility of predicting the genome of origin for a specific genomic sequence, and developed a naïve Bayesian classifier. Qi et al. [13] proposed a Markov model to subtract the random background from biological sequences in order to get a better evolutionary tree. Applying tetranucleotide frequencies biases, Pride et al. [13] compared nucleotide usage pattern conservation for related prokaryotes by examining the representation of DNA tetranucleotide combinations in 27 representative microbial genomes, and Teeling et al. [20] discriminated longer genomic fragments (40 kb) based on the idea of z-score. Also, we introduced an approach for comparison of DNA sequences based on the sieve ratio of a trinucleotide [6] . All these results indicate the great potential of utilizing linguistic approaches to solve the fragment identification problem.
In our work, one practical question was considered, namely, which species corresponds to each sequence among the 17 uncultured bacterium sequences described by Wei et al. [24] . Following our previous approach [6] , we provided a method to identify the homology of these 17 unknown sequences based on the relative abundance of their di-and trinucleotide of DNA sequences. The results are organized as follows: First, based on the relative abundances of di-and tri-nucleotides, the profile of representative microbial genomes in Genbank were calculated. Second, for each of the genomes, the fluctuation of the k-profile-distance was examined. Finally, the method of discriminating bacteria for unknown sequences is proposed. In all representative genomes, we evaluated the reliability index of the method by inspecting the identifying index. According to the evaluation index 5, the five known similar species (Genbank accession number) of the 17 unknown sequences were obtained.
MATERIALS AND METHODS

Data
The 17 uncultured bacterium sequences coming from bacterial community in human gut were downloaded from Genbank. They were grouped according to the experiment order, by which sequences coming from the same experiment were put together. The 7 sequences in group 1 were labeled as 1a, 1b, 1c, 1d, 1e, 1f, and 1g; the 6 sequences in group 2 were labeled as 2a, 2b, 2c, 2d, 2e, and 2f; the 4 sequences in Group 3 were labeled as 3a, 3b, 3c, and 3d. Their Genbank accession numbers were AY350322 AY350338.
Collection of Complete Genome of Bacteria in Genbank
The 152 representative microbial organisms which were also downloaded from the NCBI website are listed in Table 1 (ftp://ftp.ncbi.nih.gov/genbank/Bacteria).
The Definition of Profile
In the section, we define the profile of a DNA sequence as follows: for any given DNA sequence, p a 1 a 2 a k
notes the frequency of a k-string a 1 a 2 a k (where
where k is the length of the oligonucleotide and m k is the count of occurrence in the sequence. 
then, we have
where f a 1 a 2 a k ( ) is called the relative abundance ratio of oligonucleotide a 1 a 2 a k .
There are 4 k possible k-strings that can occur in a DNA sequence. Thus, for a given DNA sequence, we can write a 4 k -dimension vector to denote a DNA sequence of length n, each component of which is the relative abundance ratio of oligonucleotide with length k in the sequence. We call the kdimension vector the k-profile of the sequence. That is, the k-profile of a DNA sequence is a vector constructed by the relative abundances ratio of oligonucleotide with length k of the sequence. When k=2, we take p a 2 a 3 a k 1 ( ) = 1 then, the formula (3) is the definition of odds ratio of a dinucleotide (Karlin et al., 1995) . Therefore, the profile here is a generalization for the odds ratio of a dinucleotide.
According to the profiles of DNA sequences, we define the k-profile-distance of two DNA sequences as follows: 
where P , Q are the k-profiles of two sequences and p i , q i are the components of the two k-profile, respectively.
Similarities of Short DNA Sequence Fragments and Genomic Sequences
In the section, a method is provided to compute similarities between short DNA sequence fragments and genomic sequences. We first calculated the k-profile of the microbial genome based on the relative abundance ratio of k-string for the two strands of each genome. In this work, we only take k=2 and 3. When k 4, some values of p a 1 a 2 a k ( ) are 0 in 17 unknown sequences. For example, tetranucleotides AAAA and AAAG do not occur in sequence 1a.
For two strands of each genomic sequence, we chose a 500 bp wide sliding window that slides in the complete genome with a stride of 20 bp, and computed the 2-profile and 3-profile for each window sequence. Thus, we obtained two profile sets for each complete genome, and named the 2-profile set of all window sequences G 2 and the 3-profile set of all window sequences G 3 , respectively. The 2-and 3-profile-distances were calculated between the profile of the genomic sequence and all elements in G 2 and G 3 so that we could obtain some information regarding the oliginucleotide composition of the genomic sequence.
Furthermore, for a given short DNA sequence (500-1000 bp) and genomic sequence, we defined the 2-distance and 3-distance between the short sequences and the genomic sequence. Recalling the set G 2 and G 3 for the genomic sequence, the 2-and 3-profile-distances were computed between the profile of the short DNA sequence and all elements in G 2 and G 3 . In all calculated 2-and 3-profiledistances, the minimum was selected as the distance between the short DNA sequences and the genomic sequence, and these two distances were called their 2-distance and 3-distance, respectively. In addition, the similarities were computed between the short DNA sequence fragment and the genomic sequence based on the 2-distance and 3-distance. Normally, the smaller the distance the more similar the sequences.
RESULTS AND DISCUSSION
The Profile of 152 Microbial Organisms
Observing the 2-and 3-profiles of all genomic sequences, we found that the relative abundance ratio of an oligonucleotide X 1 X 2 for a dinucleotide or X 1 X 2 X 3 for a trinucleotide was close to the profile of its reversed complement sequence, X . These results implied that the 2-and 3-profiles of one strand of the genomic sequences for all bacteria approach the 2-and 3-profiles of the other strand. In other words, the component of profile of genomic sequences could be reduced from 16 to 10 for 2-profile and from 64 to 32 for 3-profile. Furthermore, another phenomenon was observed: over-represention of dinucleotides (mainly occurring in AA, TT and GC), where their relative abundance ratio was more than 1.20. Under-represented di-nucleotides with a relative abundance ratio of less than 0.8, mainly occurred in AC, GT, CG, and TA for all microbial genomic sequences. Similarly, for all microbial genomic sequences, over-represented tri-nucleotides (f(X 1 X 2 X 3 )>1.2) mainly occurred in ACC, GGT, ACG, CGT, AGC, GCT, ATA, TAT, ATC, GAT, CAG, CTG, CCA, TGG, GAA, TTC, GTA, and TAC, respectively, while underrepresented (f(X 1 X 2 X 3 ) <0.8) mainly occurred in AAT, ATT, ACT, AGT, CCC, GGG, CTA, TAG, CTC, GAG, GAC, GTC, GCA, TGC, GGA, TCC, TAA and TTA, respectively.
Comparing the 2-and 3-profiles of complete genomic sequences, we found that the 2-profile and 3-profile of each genus had its common identity, but the 2-and 3-profiles of bacteria from two different genuses were more obviously different. That is, the 2-and 3-profiles contained genusspecific signatures. For example, there were seven species belonging to the Chlamydiae genus among the 152 microbial organisms studied. The seven species were C. muridarum Fig. (1) . The 2-profiles of the Chlamydiae genus in GenBank.
strain Nigg, C. trachomatis serovar D, C. caviae GPIC, C. pneumoniae AR39, C. pneumoniae CWL029, C. pneumoniae J138, and C. pneumoniae Tw183, respectively. Their 2-profiles are plotted in Fig. 1 , in which these values showed only small variations. 
The Fluctuation of K-Profile-Distance of Genomic Sequences
First, a 1000 bp sequence of the Escherichia coli K-12 MG1655 genome was used to illustrate how to compute the fluctuation of k-profile-distance of genomic sequences. First, we computed the profile set G 2 and the 2-profile of E. coli K-12 MG1655 genome, and the set G 2 contained 26 elements. Then, the 2-profile-distance between E. coli K-12 MG1655 and all 26 subsequences with length 500bps were calculated according to the formula (4). The results of the fluctuation curve of 2-profile-distance are plotted in Fig. 2 . Some information regarding oligonucleotide composition was obtained for each microbial genome via the observation of fluctuation curve of the 2-and 3-profile-distances. The larger the distance the more different was the oligonucleotide composition between two sequences.
The fluctuation curves of 2-profile-distance and 3-profile-distance are shown in Figs. 3-6 for the four species, E. coli CFT073, E. coli K12-MG1655, E. coli O157:H7 VT2-Sakai, and E. coli O157:H7 EDL933. From these figures, we found that the compositions of oligonucleotides were very stable in the majority of regions of the genomic sequences. In more than 95% of the regions, the 2-profiledistances between the genome and its substrings were less than 1.2, and the 3-profile-distances were less than 16. For the 2-profile-distances and 3-profile-distances of other bacterial genomes, similar results were obtained.
On the other hand, large 2-and 3-profile-distances (very large dissimilarity) were found between the whole genome and its substrings in Figs. 3-6 , and large 2-and 3-profiledistances corresponding to the genome's substring fragments were mainly repeated sequences. In these repeated sequences, some sequences were encoding sequences in genomic sequences. By comparing these coding sequences, we found that there were great similarities within the same species, even sometimes in the same genus. For instance, we checked the oligonucleotides fragments in the four complete genomes, E. coli CFT073, E. coli K12-MG1655, E. coli O157:H7 VT2-Sakai, and E. coli O157:H7 EDL933, which corresponded to the largest 2-and 3-profile-distances, and we found that these fragments all belonged to the tolA gene, which corresponded to the cell envelope integrity inner membrane protein. The tolA sequence of E. coli CFT073 and E. coli K12-MG1655 are identical (Figs. 3 and 4) , while the tolA sequence of E. coli O157:H7 VT2-Sakai and E. coli O157:H7 EDL933 share the same gene encoding sequence (Figs. 5 and 6) . The tolA sequence of E. coli CFT073 is similar the tolA sequence of E. coli O157:H7 VT2-Sakai (Figs. 3 and 5) .
Furthermore, the tolA gene was investigated in other genomes. We found that some 12 other organism belonging to 6 different genuses also contain the tolA gene. These were Again, through observing the fluctuation curves of 2-profile-distance and 3-profile-distance of other bacterial genomes, we found the same repeated sequences occurring in Staphylococcus aureus Mu50, Staphylococcus aureus ssp. aureus MW2, and Staphylococcus aureus ssp. aureus N315. Each of these bacterial genomes contained the genes clfB, sdrC and sdrD. Moreover, the genomes of Listeria innocua CLIP 11262 and Listeria monocytogenes EGD-e contained the repeated sequences LPXTG motif.
Discriminating Method and its Evaluation Index
The 152 microbial organisms have a total of 164 genomic sequences, because some species have two chromosomes. In these 164 genomic sequences, there are just 120 genomic sequences with more than two genomic sequences in the same genus. So, we selected the 120 genomic sequences from 164 genomic sequences, and divided them into two parts and named them, "training set" and "testing set," respectively. The training set contained 68 genomes sequences, and the testing set contained 52 genomes sequences. Their contents are listed in Tables 2 and 3 . For each genomic sequence in the testing set, there is more than one genomic sequence in the same genus in the training set.
In [24] , the 17 unknown sequences were randomly chosen from the bacterial community sampling of the human gut. For each of the genomic sequences in the testing set, we randomly selected 26 subsequences with length 501+20i (i=0, 1,…, 25) to model experimentation. We computed the distances between each of the 26 subsequences and 68 genomes in the training set, based on the definition of 2-distance and 3-distance between the short sequence fragment and the genomic sequence, and then listed all 68 values in ascending order. In the 68 ordinal values, the ordinal number of the same genus that first occurred was defined as the index of the sequence, and named index i. Thus, there were 26 indexes, which corresponded to 26 short subsequences for each genomic sequence, and the average of the 26 indexes was considered as the index of the genus. For example, we randomly selected 26 subsequences from the Streptomyces coelicolor A3(2) genomic sequence (AL645882). In all indexes corresponding to the 26 subsequences, the indexes of 22 subsequences had the value 1, and the indexes of 2 subsequences had the value 2, and the indexes of the 2 sequences had the value 3. So, the average 1/26(1*22+2*2+3*2) = 2 was considered to be the index of the Streptomyces genus. Finally, the average of the indexes of 52 genomic sequences in the testing set referred to the index of the method that would be used in the part of "Discriminating unknown sequences". Normally, the smaller the index and the higher the accuracy mean greater reliability. The results of 2-and 3-distances are plotted in Fig. 5 , where the discriminating accuracy depended on the index from 1 to 10. When the index was 5, we found that the reliability of the criterion should be 77% and 67% for tri-and dinucleotides, respectively. Thus, we chose the average of all 52*26 indexes, 5, as the discriminating criterion index for the method. AE007870, AE016879, BX248353, AE000516, AE000520,  AE001273, AE001437, AE001439, AE002160, AE003849, AE003852,  AE003853, AE004091, AE004437, AE005672, AE005674, AE006468,  AE006470, AE006641, AE006914, AE008917, AE008923, AE009440,  AE009948, AE009949, AE009952, AE010299, AE010300, AE014074,  AE014075, AE014184, AE014291, AE015450, AE016795, AE016796,  AE016826, AE016853, AE016877, AE016958, AE017126, AE017143,  AE017196, AE017198, AE017226, AF222894, AL096836, AL139299,  AL157959, AL450380, AL513382, AL592022, AL646052, AL732656,  BA000001, BA000003, BA000007, BA000008, BA000018, BA000030,  BA000033, BA000035, BX293980, BX470249, BX470250, BX548174 , BX842601, U00089. AE017226, BX842601, AE000511, AE002098, AE002161,  AE004092, AE005174, AE007317, AE008384, AE008918, AE008922,  AE009442, AE009950, AE010301, AE013218, AE014073, AE014133,  AE014292, AE014613, AE015451, AE015925, AE015927, AE015929,  AE017125, AJ235269, AL009126, AL123456, AL445566, AL590842,  AL591824, AL645882, AL935263, BA000004, BA000011, BA000016,  BA000017, BA000023, BA000026, BA000031, BA000032, BA000034,  BA000036, BA000037, BA000038, BX072543, BX248333, BX470248,  BX548175 , U00096, L42023, L43967.
Discriminating Unknown Sequences
In this section, we took all 164 microbial genomic sequences as the training set, and 17 uncultured bacterium se- quences as the testing set to discriminate between bacteria in bacterial communities. We calculated the 2-and 3-distances between each uncultured bacterium sequence and 164 complete genomic sequences to compare their similarities, so that we discriminated the homology of the sequence and 152 microbial organisms. The results are listed in Table 4 based on the discriminating criterion index 5.
Observing Table 4 , we found some information about the homology of the 17 uncultured bacterium sequences and representative microbial genomes. For example, Bacteroides thetaiottaomicron VPI-5482 (AE015928) occurred most frequently in Table 4 , and it occurred 10 times. This implied that B. thetaiottaomicron VPI-5482 was the most similar of the representative microbial genomes to the 17 uncultured bacterium sequences. We searched the species according to frequency of occurrence in Table 4 . The five most frequently occurring genomes were Bacteroides thetaiottaomicron VPI-
5482
(10 times), Porphyromonas gingivalis W83(AE015924) (6 times), Thermoplasma volcanium GSS1(BA000011) (6 times), Thermoplasma acidophilum DSM1728(AL139299) (6 times) and Pseudomonas putida KT2440 (AE015451) (5 times), respectively. We found the organisms B. thetaiottaomicron VPI-5482 and P. gingivalis W83 belong to the same phylum, class and order, classified as B20.1.1.1.1 and B20.1.1.3.1, respectively, which showed that two organisms should be very similar species.
In 17 uncultured bacterium sequences, 1b, 1d, 1e, 1f, 2a, 2b, 2d 2e, 3a, 3b, and 3d, were similar to B. thetaiottaomicron VPI-5482 and P. gingivalis W83. In particular, the sequences, 1b and 2a are strongly similar to the B. thetaiottaomicron VPI-5482 di-and tri-nucleotides. These results imply that the origins of the two sequences were homologous species of B. thetaiottaomicron VPI-5482. In Table 4 , B. thetaiottaomicron VPI-5482 and P. gingivalis W83 occurred (Table 4) simultaneously in the similar species of 1f, 2a and 2b. The results suggested similarities between these sequences and B20.1.1. *. *. Recalling the results of Wei et al. [24] , 1e, 2b and 3a at the nucleic acid level, and 2f, 3c and 3d at the amino acid level shared homology with regions of B. thetaiottaomicron by using the BLAST search in Genbank.
Synthesizing the results of Wei and our results, we conclude that the sequences 1b, 1e, 1f, 2a, 2b, and 3d are homologous to B20.1.1. *. *.
Except for the two organisms above, T. volcanium GSS1 and T. acidophilum DSM1728 should also be of concern, because the count of their occurrence in Table 4 was only less than B. thetaiottaomicron. Another reason was that they belonged to Archaea, which were all A2.5.1.1.1. It is well known that Archaea and Bacteria belong to different kingdoms. In Table 4 , the sequences 1d, 1e, 2a, 2c, 2d, 3a, 3b and 3d are similar to the two organisms. Especially, the sequences, 1d, 2e and 3b are very similar to the two organisms. It needs to proven whether or not there exist similarities between 1d, 2e and 3b and the two organisms.
Among the species containing sequences similar to 1a, 1c, 1g, 2f, and 3c, most were classified as Proteobacteria of the Gammaproteobacteria class (B12.3.*.*.*), which contains Pseudomonas putida KT2440 (AE015451). Since many Proteobacteria species exist in the human gut, we conclude that the species corresponding to the five sequences possibly came from B12.3.
CONCLUSIONS
When using the sequencing approach of environmental sampling, over one million nucleic acid sequences are obtained which are usually short oligonucleotide fragments. How to classify them is a very difficult problem at present, since few complete DNA databases exist for comparison or alignment. Therefore, the identification of the organisms of origin of these fragments is a limiting factor of the environmental sampling approach.
To complement this alignment issue, the linguistic approaches have many advantages. In this paper, we propose a method to discriminate bacteria in bacterial communities based on their oligonucleotide profiles. In this method, the minimal distance between short sequences and all subsequences of genomic sequence denotes the similarity between short sequences and genomic sequence. We choose a 500 bp wide sliding window that slides in the complete genome with a stride of 20 bp, and compute the 2-and 3-profile for each window sequence. In fact, for the size of sliding window, we can select different length based on the length of the unknown sequence.
Based on the 2-and 3-profiles, genomic fragments derived from the bacteria community can be discriminated. Thus, together with such widely used identification approaches such as G+C content, BLAST etc., the use of our method will enhance our ability to classify genomic fragments. Further developments of this method might involve the combination of G+C content and profiles of tetranucleotides, etc.
